Abstract-Use of a detailed theoretical model has allowed the optimization of the design of a high sensitivity accelerometer, based on a fiber Bragg grating (FBG) and an accelerometer based on this design has been demonstrated experimentally. With a universal model based on double-point encapsulation established, the performance of the device in terms of its optimal sensitivity and frequency distribution has been analyzed, with an optimization 'figure of merit' using the product of the sensitivity and the resonant frequency being presented. The experimental results obtained indicate that the FBG-based accelerometer thus developed shows a broad, flat frequency band, a corresponding flat range sensitivity of ∼152.0pm/G, a resonant frequency of 441.0Hz, and a cross-axis sensitivity of less than 3.6% of the main-axis sensitivity. An accelerometer of this type and with this performance thus has the potential for the important field of low frequency oil-gas seismic exploration.
I. INTRODUCTION

F
IBER Bragg Grating (FBG)-based sensing is an important branch of optical fiber technology and exploits the many advantages of the technology including immunity to electromagnetic interference, high temperature survivability, corrosion resistance, small size and ability to be multiplexed. Sensors of this type can be used to measure many different physical parameters, such as pressure, displacement, angle, and acceleration, suiting them well for important applications in the structural monitoring, geodynamics and seismic exploration fields [1] - [7] . Compared with conventional electronic sensors, the fiber optic approach has unique advantages that suit it well to hazardous measurement situations, such as petroleum exploration where such devices can be used to monitor seismic signals (e.g. which typically occur in the 1-160Hz region). The requirements for such a FBG accelerometer is sensitivity to the appropriate resonant frequencies (showing high sensitivity across a suitable frequency range), limited or zero cross-sensitivity to other key parameters, and a good dynamic and acceleration range, for example. Many different designs of accelerometer based on using highly versatile FBGs have been proposed, and for those based on elastic structures, they can be classified as cantilever structures [8] - [16] , tube or cylinder structures [17] - [22] , elastic diaphragms [23] - [27] or specialty types of elastic structure [28] , [29] . The encapsulation process for the FBG itself can be done through either doublepoint encapsulation or embedded encapsulation, for example. An FBG-based accelerometer using an elastic cantilever structure can be designed with the design focus being on improving sensitivity to give it maximum utility for the applications area discussed. Classical single cantilever structures have been extensively researched [8] - [14] , but typically the frequency bandwidth achieved is very narrow and the cross-sensitivity to other key parameters is very difficult to reduce. In order to create the important and desired reduction of the crosssensitivity, in practice multiple cantilevers structures have been proposed [15] , [16] . Compared with an accelerometer design based on a single cantilever, the elastic tube or cylindrical structure approach has an inherent advantage, in that the axial stiffness of the device is easy to control. Such a structure, combined double-point encapsulation, can be used to improve the sensitivity. Examples of successful designs reported in the literature and which form the background to this work and are considered below. Yu et al. [17] have proposed a cylindrical FBG-based accelerometer design with a sensitivity of 80pm/G and resonant frequency of 388Hz. Liu et al. [18] proposed an elastic tube-based accelerometer using an FBG, showing a sensitivity of 63pm/G and resonant frequency of 376Hz. Wang et al. [19] have proposed a miniaturized FBG accelerometer based on a shell design where the sensitivity achieved is 54pm/G and the resonant frequency 480Hz. In the work of Zhang et al. [20] , a compliant cylinder accelerometer was discussed where the sensitivity reported was 42.7pm/G and the resonant frequency 400Hz. Gutiérrea et al. [21] have presented a cylinder-based FBG accelerometer giving a sensitivity of 19.65pm/G and resonant frequency in excess of 500Hz. Further, Wang et al. [22] designed a high frequency accelerometer where the resonant frequency was given as 3806Hz and the sensitivity ∼4pm/G. In general, FBG accelerometers based on the use of an elastic diaphragm have the useful characteristic of higher sensitivity to the normal displacement but relatively insensitivity to lateral displacement. This benefit then helps to reduce cross-sensitivity to lateral displacement effects, which is important in practical use. Muller et al. [23] have proposed a theoretical approach to modeling an accelerometer using double diaphragms. Li et al. [24] also presented a FBG accelerometer design based on the double diaphragms, quoting a sensitivity of 24.3pm/G and resonant frequency of 900Hz. Additionally, Luo et al. [25] have developed a further FBG accelerometer approach in which the resonant frequency is 143Hz and the sensitivity 211pm/G. Liu et al. [26] have also reported an innovative FBG scheme using a single diaphragm, with sensitivity of 36.6 pm/G and resonance frequency of 255 Hz. Important here is that the cross-axis sensitivity is less than 1.3 % of the main-axis sensitivity. Liu et al. [27] has developed a device showing a large frequency range and high sensitivity, where the reported sensitivity is 23.8pm/G, the resonant frequency is 1240Hz, and the cross-sensitivity is less than 2.1%.
Balancing the key performance characteristics of sensitivity and resonant frequency is difficult but important to create suitable criteria for achieving optimum performance and allowing cross-comparison with different, competing devices to meet particular operational systems requirements. In this work, the theoretical underpinning of an enhanced FBG-based accelerometer is discussed, thus establishing and an approach to optimization of the performance of FBG-based accelerometer devices. Here the product of the sensitivity and the resonant frequency (PSRF) is introduced as a 'figure of merit' to allow easier comparison and thus optimization of the overall performance, allowing an optimum design for the important frequency range of 1-160Hz to be proposed. Referencing previous work, it can thus be seen when this PSRF 'figure of merit' reaches its optimum value and the sensitivity reaches its maximum within a given frequency band, allowing the design of a sensor to be more compact and thus simpler in operation. This analysis approach is thus well suited to the identification of device designs which show good performance in the low frequency range, making them well-tailored to oil and gas seismic exploration.
II. MODELING AND DESIGN OPTIMIZATION
A. The Theoretical Model Used
The theoretical model used in this work of an FBG-based accelerometer using double-point encapsulation is shown in Fig. 1 . In essence, the model can be simplified into a single degree of freedom, mass-spring system, where K is the stiffness of the system, and C is the damping constant. According to coupled-mode theory, the center wavelength shift λ B of the FBG can be expressed as follows [30] :
where P e is the effective elasto-optical coefficient and ε is the axial strain on the FBG. According to the principles of elastic and structural mechanics, the Eq.1 can be expressed as [19] , [27] 
where L f is the length of the fiber used,
f is its stiffness, K s is the stiffness of the accelerometer structure, γ = f / f n is the ratio of the frequency to the resonant frequency, ξ is the damping ratio and M is the mass of the inertial system. From the definition of the acceleration sensitivity and the resonant frequency, the sensitivity S f and the resonant frequency f n can be expressed as
As γ tends to zero, the expression for the sensitivity can be simplified as the static sensitivity, S I , is independent of the applied frequency, and thus S I can be rewritten as
In general, the sensitivity is a function of the frequency and in the design of an effective FBG-based accelerometer, the static sensitivity S I , is of greatest importance because it is very close to the 'flat range' sensitivity. High sensitivity and low fluctuation over a flat frequency range is a key design goal, not only to improve the resolution of signal, but also to improve the response characteristics in the low frequency band. The relationship between the theoretical sensitivity and the resonant frequency has important significance for creating an optimum device design. The sensitivity S I and the resonant frequency f n normalized with respect to the ratio R(K s /K f ) as a function of L f is shown in Fig. 2 for different masses. It can be seen that the stiffness ratio R has a major influence on the sensitivity in the low frequency band, and as the frequency increases, the ratio R has a smaller influence on the sensitivity. As K f =E f d 2 /4L f , the sensitivity is a function of the length of the fiber, where the shorter the fiber length used, the higher is the sensitivity. At the same time, FBG-based Theoretical relationship between the sensitivity and resonant frequency with different stiffness ratios, R, and mass (E f =7.2×10 10 P a , d=0.125 mm). accelerometers with different lengths, L f , of the fiber used and the same stiffness ratio, R, may have a similar sensitivity and resonant frequency, which then can be optimized. The maximum sensitivity that can be achieved is 1000pm/G -but the resonant frequency drops sharply below 50Hz. For the low frequency band (<100Hz), the length of fiber, has a significant influence on the resonant frequency (which cannot be ignored over this range, but it can more readily be ignored in the higher frequency range (>500Hz)).
B. Design and Optimization
The structure and fabrication issues for the optimization of the sensor system are shown schematically in Fig. 3 . The inertial cylinder mass used is clamped between the two diaphragms, and is characterized by a thick middle and a thin end, with a through-hole is located at the central axis. A FBG is fixed between point A of the head cover and point B of the mass, as shown, this allowing the overall size of the device potentially to be reduced and thus the sensor to be more compact. When the sensor is subjected to acceleration along main axis, the inertial force induces a normal displacement of the diaphragms, resulting in a wavelength shift of the FBG. From the familiar principles of structural mechanics, the stiffness of the structure can be expressed as [24] , [26] :
where E d , H, R i ,R o, μ are the Young modulus, the thickness, the inside radius, the external radius and Possion's ratio respectively for the diaphragm. Combined with the Eq.3, Eq.5 and Eq.6, the sensitivity S I and resonant frequency S I can be expressed as is shown in Eq.8 and Eq.9 respectively.
The sensitivity S I and the resonant frequency f n, normalized with respect to the value of R o as function of ratio R i /R o is plotted in Fig. 4 for different values of diaphragm thickness. Their relationship is in inversely proportional, as would be expected. The key issue is improving the overall performance, rather than just improving the sensitivity or resonant frequency alone and thus it is necessary to introduce a criterion for reflecting the integrated performance, for ease of evaluation and cross-comparison. Thus, a 'figure of merit' is proposed, where the concept of the product of the sensitivity and the resonant frequency (PSRF) is so defined, and this can be used as a basis for optimizing the performance. This PSRF-based 'figure of merit' will reflect the integrated performance of the sensor, as the higher the PSRF, the greater balancing range of sensitivity and the resonant frequency, the better the performance of the device. Thus, it is a simple, yet effective basis for optimizing the sensitivity along a constant frequency band, while at the same time, it provides comparability between different accelerometer designs. The PSRF thus can be expressed by Eq.8 and Eq.9, normalized with respect to the radius R o and the thickness H as a function of the ratio R i /R o and this is plotted in Fig. 5 . It can be seen that the PSRF decreases with increasing ratio ( R i /R o ), as generally when the ratio increases, the rate of sensitivity decrease is greater than the rate of frequency increase, and the smaller the ratio ( R i /R o ), the lower is the resonance frequency. As the ratio ( R i /R o ) rises from 0.1 to 0.5, the PSRF drops slowly, following which it decreases sharply when the ratio is >0.5. That is to say for best performance, the ratio ( R i /R o ) should not be too large and an optimum value exists. Thus for the lowfrequencies experienced in oil/gas seismic exploration (where the range is typically up to 160Hz), to make sure the 'flat operational range' to being three times the working frequency. Combined with the relationship between the sensitivity and the resonant frequency, the core parameter R i /R o is then given by the value 0.5 and the other key parameters are as given in Table 1 , where the theoretical sensitivity is 150.0pm/G, and the theoretical resonant frequency is ∼454.0Hz, yielding a corresponding PSRF figure of merit of 6.8×10 4 pmHz/G.
III. EXPERIMENT AND DISCUSSION
The experimental setup used in this work is shown in Fig. 6 , where the FBG accelerometer is fixed to a vibration table and a commercial piezoelectric accelerometer is used for crosscalibration. The FBG Interrogator (Type sm130 from Micron Optics, USA) with a wavelength reproducibility of 1 pm, Fig. 6 . Experimental setup of the system. a scan frequency of 1 kHz and a wavelength range of 80 nm is used. In the experiment, the ambient temperature is recorded as 26 • C -but the effect of the temperature on the wavelength recorded is small (equivalent to <1Hz), over the time of the measurement was taken, any temperature effect can be ignored. In addition to this, the main factors that affect the temperature range are prestress (corresponding to ∼1.15 nm), encapsulating adhesive (353ND), shell (aluminum alloy) diaphragm (QBe2), all of which are considered comprehensively. The theoretical temperature range considered is from −20 • C to 60 • C, but it is extremely difficult to change the temperature while measuring the acceleration in the experiment in the set up used. As a result, the extent of the temperature measurement range has not been experimentally determined in this work, but could represent a future investigation.
A. Linear Responsivity
Linear responsivity is an important characteristic of an accelerometer, defined as the relationship between the output wavelength and the applied acceleration. In the experiment carried out, the applied acceleration is sinusoidal in form, where the peak amplitude of the sinusoidal is given in units of G (where 1 G = 10.0 m/s 2 ) and the corresponding output signal is the wavelength of the FBG (it is also a harmonic oscillation, where the amplitude of the harmonic oscillation is the response to the applied acceleration). Experimental results obtained show that the accelerometer presents an extremely linear response, seen in Fig. 7 , for a 100Hz and 160Hz harmonic oscillation output of the FBG accelerometer, and yielding a consequent sensitivity of 152.2pm/G for 160Hz. Fig. 8 shows the wavelength response in the time domain (where the harmonic oscillation output for the different accelerations at 100Hz and 160Hz are shown).
B. Amplitude-Frequency Characteristic
The amplitude-frequency characteristic of an accelerometer is an important feature that is distinctive from other static sensors. In essence, it reflects the relationship between the sensitivity and applied frequency. The theoretical analysis of the sensitivity indicates that this parameter increases as the frequency increases, reaching a maximum at the resonant frequency, and then starts to decay again beyond that resonant frequency. In order to investigate further the amplitude-frequency characteristic of the FBG accelerometer design, the amplitude of the input signal is fixed at 0.1G, while the frequency of the applied signal is varied from 5 to 455 Hz. The amplitude-frequency response of the accelerometer that results is shown in Fig. 9 , illustrating that the sensor has a broad flat response. In particular, what is important is that the low frequency range extends below 5Hz and with the approximate resonant frequency at 445 Hz, this offers a valuable characteristic for the device. The FBG Interrogator used (Type sm130) has a scan frequency of 1 kHz, setting a limit on the higher frequency signals that can be obtained. In order to obtain more accurate resonant frequency data, the Fast Fourier Transform (FFT) method has been adopted, by using a manual impulse signal. The Fig. 10 shows the impulse signal in the time domain, while Fig. 11 shows the results of applying the fast Fourier transform (FFT) that results. The figure of 441Hz, obtained by this method is more reliable than that obtained previously (445Hz). Measurement results thus obtained agree well (within experimental error) with the theoretical resonant frequency calculated to be ∼454Hz. In addition to this, the sensor presents a damped oscillation response. In practice, a damping fluid element has not been included to minimize the complexity of the sensor, with damping mainly due to the nature of the structure and the encapsulation.
C. Cross-Sensitivity
The accelerometer is a 'vector' sensor, and thus for a single freedom degree accelerometer, it is a problem for the designer to reduce the cross-axis sensitivity while at the same time enhancing the main-axis sensitivity-the smaller the cross sensitivity, the better the measurement result. In the experiment carried out, the excitation signal remained at 1 G, while the frequency of excitation signal increased from 5 to 300 Hz and the signals are applied to the main-axis and the 90 degree cross-axis. Fig. 12 shows the wavelength shift of the signals observed for the main-axis and cross-axis indicating that along the direction of the main-axis, the average of the peak wavelength shift is ∼159pm, while the corresponding wavelength shift for the cross-axis is very small, at ∼5.7pm (and thus the cross-axis sensitivity is <3.6% of that of the main-axis). This important result shows that the FBG-based accelerometer design considered has a strong resistance to interference to offaxis effects. 
D. Noise Level
The noise level is an important parameter for all kinds of accelerometer systems, as it reflects the ability of the device to detect weak signals over different frequency bands in practical applications. For this FBG accelerometer system, the equivalent noise over different bands was first measured and combined with the resolution ratio, allowing the noise level shown in Fig. 13 to be obtained. This is given by 0.26mG/Hz 0.5 over the 160Hz frequency band.
IV. CONCLUSION
A theoretical model has been developed, showing the high sensitivity of a FBG accelerometer designed. Based on the results of a model analyzed, a high-performance FBG accelerometer was developed, optimized and its performance discussed. The concept of a 'figure of merit', the product of sensitivity and frequency (PSRF) is introduced to allow a simple means of evaluation of the overall performance. Through appropriate theoretical modeling to allow the optimization of the design, the work undertaken has shown the following key features. Firstly, an effective theoretical model illustrating the high sensitivity of the FBG-based accelerometer design has been established and the theoretical relationship between the limit of the sensitivity and the resonant frequency has been proposed, this being dependent on the stiffness ratio. This is significant in improving performance and facilitating the miniaturization of the FBG accelerometer design. Secondly, the concept of the 'figure of merit', the PSRF, is introduced for comparison of the optimized overall performance, where the larger the PSRF, the closer the sensitivity is to the extreme limit of the theoretical model. Thus, under the conditions of the same frequency band, the larger the PSRF, the better the performance. Thirdly, the FBG accelerometer provides a broad frequency range of operation from 5 to 300 Hz, where the corresponding sensitivity ranges from 145.0 to 198.0 pm/G. An excellent feature is the low cross-axis sensitivity, which is less than 3.6% of the main-axis sensitivity. Thus, such a design is a good candidate for use in 'low frequency' oil and gas seismic exploration, and the theoretical analysis used provides an excellent deign framework giving confidence in the FBG-based accelerometer design that has been developed. The performance of the FBG-based device discussed in this work compares well with those considered in the literature, as can be seen from Table II , which summarizes performance data from a number of previously reported devices. The generic model based on double-point encapsulation which has been established shows a sensitivity obtained which is greater than other sensor designs when viewing this within a similar frequency band [17] , [19] , [21] . The 'figure of merit' (PSRF) used is much higher than that for the other sensors, data on which has been taken from the literature [8] - [29] . Data summarized in Table II thus show key features of the performance and sensitivity achieved in light of published work.
